IMPORTANCE Long-term patency of human saphenous veins (HSVs) used as autologous conduits for coronary artery bypass grafting (CABG) procedures remains limited because of vein graft failure (VGF). Vein graft failure has been reported to be as high as 45% at 12 to 18 months after surgery and leads to additional surgery, myocardial infarction, recurrent angina, and death. Preparation of HSVs before implantation leads to conduit injury, which may promote VGF.
T he human saphenous vein (HSV) is an autologous transplanted organ most commonly used for coronary artery bypass grafting (CABG) and peripheral vascular revascularization procedures. Despite advances in surgical techniques and therapeutic interventions, long-term patency of the conduits remains limited because of vein graft failure (VGF). The VGF rates have been reported to be 45% and 39% at 12 to 18 months after CABG and peripheral vascular revascularization procedures, respectively.
1,2 Common causes of VGF include loss of endothelial coverage, intimal hyperplasia, and thrombosis. 3 Graft patency rates are influenced by patient characteristics, intrinsic quality of the conduit, and surgical technique. 4 Despite concerns about graft preparation techniques, beginning with the research by LoGerfo et al 5, 6 in the early 1980s, preservation of endothelial and medial integrity of the conduits during graft preparation remains suboptimal, and as such, VGF is attributable at least in part to tissue handling. Common trauma incurred to the vein during "back-table" graft preparation includes conduit storage in acidic solutions, conduit marking using surgical skin markers that injure tissue, and pressure distension by handheld syringes to identify branches and overcome vasospasm.
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Flushing the vein during graft preparation with uncontrolled pressure results in high intraluminal pressure, which often exceeds 600 mm Hg, leading to denudation of the endothelium that potentiates inflammatory responses. [11] [12] [13] Distension also induces damage to the medial smooth muscle layer that results in apoptosis and dedifferentiation of smooth muscle cells. [14] [15] [16] Given that the primary cause of graft failure is intimal hyperplasia, which represents a response to injury, 17 limiting this response may influence the progression of cellular processes that lead to neointima formation and facilitate maximum readaptation of the conduit after arterialization. The objective of this study was to investigate whether pressure distension during vein graft preparation leads to endothelial injury and intimal thickening. We hypothesized that limiting pressure during distension reduces neointima thickening and preserves the vascular functions of the grafts. We identified a pressure-limiting device that can be readily integrated into current distension techniques and reduces intraluminal pressure.
Methods

Procurement of HSVs
After Vanderbilt University Medical Center Institutional Review Board approval, the HSV grafts were obtained from patients undergoing CABG procedures with informed, written consent. Segments were collected immediately after surgical harvest (unmanipulated [UM] ) and after manual distension (after distension [AD] ). An additional segment was collected immediately after further intraoperative manipulation according to the surgeon's discretion, such as use of skin markers and storage in a solution, before implantation (after manipulation [AM] ) from the same patients. Veins were collected in heparinized (10 U/mL) Plasma-Lyte (Baxter Healthcare) solution and transported to the laboratory for immediate testing.
Collection of Clinical Demographic Variables
Demographic variables were retrospectively collected, including age, sex, race, body mass index, medical comorbidities, preoperative laboratory values, preoperative medication regimen, and method of HSV harvest.
Procurement of Porcine Saphenous Veins
The porcine saphenous veins (PSVs) were collected from euthanized animals from the animal surgical laboratory at Vanderbilt University Medical Center. Animal procedures followed study protocols approved by the Vanderbilt Institutional Animal Care and Use Committee and adhered to National Institutes of Health guidelines for care and use of laboratory animals. The PSVs were dissected using an open harvest technique immediately after euthanasia, side branches were ligated with 3-0 silk sutures, and samples were placed in heparinized Plasma-Lyte and transported to the laboratory for immediate testing.
Physiologic Measurements of Vasocontractility and Vasorelaxation
Force measurements were obtained using the Radnoti transducer (model 159901A) interfaced with the PowerLab data acquisition system and chart software (AD Instruments) as described previously.
18 All chemicals were purchased from Sigma-Aldrich unless otherwise specified. Briefly, 1-mm rings were cut from segments of saphenous veins, dissected free of fat and connective tissue, and then suspended in a muscle bath that contained bicarbonate buffer (120mM sodium chloride, 4.7mM potassium, 1.0mM magnesium sulfate, 1.0mM monosodium phosphate, 10mM glucose, 1.5mM calcium chloride, 25mM sodium bicarbonate, and pH 7.4) equilibrated with 95% oxygen and 5% carbon dioxide at 37°C for 2 hours. Rings were contracted first with 110mM potassium to determine smooth muscle functional viability. Tissues that generated 0.025 × 10 5 N/m 2 or more of stress were considered viable and were further evaluated. 9 Viable tissues were then contracted with increasing doses (10 M) of phenylephrine, a physiologic agonist. The optimal phenylephrine dose was determined as the concentration generating 70% to 80% of maximal 110mM potassium-induced contraction. Phenylephrine precontracted tissues were then treated with 5 × 10 −7 M carbachol or increasing doses of sodium nitroprusside (10 −8 -10 −5 M) to determine maximal endothelial-dependent and endothelial-independent relaxation responses, respectively.
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Measurement of Intraluminal Distension Pressure in Saphenous Veins
Additional segments of HSVs obtained after typical surgical manipulation (AM group) were cannulated proximally and distally with an olive-tipped needle (Medtronic) and secured with 3-0 silk sutures on each end. A 30-mL handheld syringe was connected to the distal end, and the proximal end was con-nected to a manometer to record actual pressure attained during distension. For distension with limited pressure, a pressure release valve (PRV; VasoPrep Surgical) was placed in-line between the distal olive-tipped needle and the handheld syringe. Heparinized Plasma-Lyte in the syringe was then injected to distend the segments, and pressure was held for 2 minutes. For treatment of the PSVs, veins were divided into segments and randomly assigned to 1 of 3 groups: nondistended (control), distended with unlimited pressure using a handheld syringe (distended), or distended with a PRV as described for HSVs.
Histomorphometric Analysis of PSVs in an Organ Culture Model
Rings (1-2 mm in width) were cut from PSV segments before and after distension. Two rings were placed in 10% neutral buffered formalin to measure basal (preculture) intimal thickness. Two rings were placed in organ culture as described previously. 20 This method of vein culture has been validated as an ex vivo model system of the changes that occur in vivo and has been used previously in our laboratory. 20 After 14 days, rings were fixed in 10% formalin and sent for histologic preparation and Verhoeff-van Gieson staining at the Pathology Histochemistry Core at Vanderbilt University Medical Center. Measurements of intimal and medial thickness were made on transverse sections of each vessel using a Zeiss Axiovert 200M microscope (Carl Zeiss) with a computerized image analysis system (Zeiss software and Adobe Photoshop) as described previously.
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Immunohistochemistry
Tissue sections were stained using the avidin-biotinylated peroxidase complex method (Vector Laboratories). Antigen was retrieved using citrate buffer (pH 6) at 95°C for 5 minutes (PSVs) or 12 minutes (HSVs). Endogenous peroxidase was blocked by immersing slides in 3% hydrogen peroxide for 15 minutes. Nonspecific sites were blocked by incubating sections in 5% goat serum before incubation with primary antibodies against endothelial nitric oxide synthase (Abcam) or CD31 (Dako) for 1 hour at room temperature. Biotinylated IgG (Vector Laboratories) was used as a secondary antibody at 10 ng/mL. Negative controls were achieved by omitting incubation with the primary antibody.
Statistical Analysis
Contractile response was defined by stress, calculated using force generated by tissues as follows: 
Results
Patient Demographics
The demographic variables for the patients from whom saphenous veins were collected are typical for patients undergoing CABG procedures (eTable in the Supplement).
Manual Distension and Physiologic Function of HSVs
Segments of HSVs were collected as UM or AD from the same patients (n = 13). Figure 1C ) relaxation than did the AD segments. Functional integrity of both endothelium and smooth muscle was further reduced in segments after additional thelial-dependent and endothelial-independent relaxation further decreased to −3.2% (3.2%) and 12.8% (6.3%), respectively ( Figure 1B and C) . There is a statistically significant difference as determined by 1-way analysis of variance for phenylephrine contraction (F 2 , 2 8 = 5.372, P = .01), endothelial-dependent relaxation (F 2,29 = 8.448, P = .001), and endothelial-independent relaxation (F 2,25 = 7.773, P = .002) among UM, AD, and AM segments from the same patients (n = 6).
Manual Distension and Endothelial Integrity of HSVs
Immunohistochemical examination of the UM HSV segments revealed normal venous morphologic features and intact endothelium (Figure 2A and C) . In contrast, intraoperative manual distension increased luminal area and damaged the endothelium of AD segments ( Figure 2B and D). Strong CD31 staining was seen along the endothelium of the UM segments ( Figure 2C ), whereas distension resulted in patchy staining ( Figure 2D ), suggesting loss of endothelial integrity after manual distension.
Intraluminal Pressure in HSVs Distended Using a PRV
Intraluminal pressure, as measured by a manometer at the proximal end of remnant HSVs (n = 3), was 883.7 (37.1) mm Hg when vessels were gently distended without the PRV using a 30-mL syringe. When a PRV (Figure 3 ) that was calibrated to open and release fluid at pressure greater than 2.5 (0.25) psi (or 130 [13] mm Hg) was used, intraluminal pressure was limited to 135.5 (1.9) mm Hg ( Figure 3 ).
Physiologic Functions of PSVs Distended With Limited Intraluminal Pressure
Because the length of UM HSV segments obtained for this study were insufficient for distension, PSV, a conduit of similar caliber to HSV, was used (n = 7). 
Endothelial Integrity of PSVs Distended With Limited Intraluminal Pressure
Undistended PSV segments exhibited continuous intraluminal immunohistologic staining for the endothelial markers endothelial nitric oxide synthase and CD31 ( Figure 5A ). The PSV segments that were distended in the absence of the PRV revealed patchy endothelial disruption ( Figure 5A ), whereas the endothelium remained intact in segments distended in the presence of the PRV ( Figure 5A ).
Intimal Thickening of PSVs Distended With Limited Intraluminal Pressure
Basal intimal thickness of PSVs was 31.3 (6.2) μm (n = 8) ( Figure 5B ). After 14 days of organ culture, intimal thickness was significantly greater in distended compared with control segments ( Figure 5B ). The intimal thickness increased by 2.2 (0.8) μm and 15.0 (1.4) μm in the control and distended groups, respectively. The use of the PRV prevented significant increases in neointima formation (3.4 [0.8] μm; P = .56 vs control) ( Figure 5B ).
Discussion
Vein graft failure after aortocoronary bypass procedures remains a significant problem. Although it has been suggested that certain preoperative characteristics, such as endothelial coverage, wall thickness, and vein lumen diameter, may predict long-term graft patency, conduit damage in the operative arena has been widely implicated in VGF. 21 Minimizing vein In the current study, HSV segments were collected from patients undergoing CABG surgeries before and after intraoperative manual distension, and the effects on vascular functions were examined. Distension under typical operating room conditions reduced contractile responses and impaired endothelial-dependent and endothelial-independent relaxation of the conduits (Figure 1) , suggesting that the functional integrity of both the endothelium and medial layer is affected. Because cellular viability correlates with functional viability of veins in a muscle bath, 9 our results further implicate that the number of viable cells within the AD and AM segments were diminished by graft manipulation. Intraoperative manual distension resulted in structural damage, yielding a flaccid and distended appearance of the lumen ( Figure 2B ) and denudation of the endothelium of HSV grafts ( Figure 2D ). Intraluminal pressures greater than 600 mm Hg have been recorded with handheld syringe distension, 23,24 and we routinely detected pressures of 850 mm Hg or higher when uncontrolled manual distension was performed by different surgeons ( Figure 3) . Thus, the pressure generated by manual distension, although broadly varied and considered gentle by most surgeons, would likely exceed pressures that have been reported to cause conduit damages. 23, [25] [26] [27] [28] There was a further reduction in contractile response and virtually abolished endothelial-dependent and endothelial-independent relaxation of HSVs collected after completion of graft preparation, suggesting that manipulation after manual distension caused additional damage to the vein graft (Figure 1) . Observations from a previous study suggest that this reduction was not attributable to ischemia during storage of the graft in Plasma-Lyte. 7 Graft preparation techniques, such as graft handling, storage in heparinized saline solution, and marking with surgical skin markers, may contribute to this increased damage. 8, 29, 30 Collectively, preparation of the vein graft after harvest and before implantation significantly damages conduits that are implanted into the patients undergoing CABG procedures. Distension under uncontrolled pressure also reduced both endothelial-dependent and endothelial-independent functions (Figure 4 ) in the PSVs. Moreover, distension damaged the endothelial layer ( Figure 5 ) and led to increased neointima formation in cultured PSVs (Figure 5 ), demonstrating a causal association among pressure distension, endothelial injury, and neointima formation. Distension pressure of 300 mm Hg has been reported to result in 50% and 200% growth of the intima in HSVs in organ culture 31 and in the porcine carotid artery-jugular vein interposition bypass graft model, 15 respectively.
Distension not only results in functional and morphologic changes in the vessel wall but also elicits a myriad of signaling cascades that promote neointima formation. Mechanical force induces phosphorylation of p38 mitogenactivated protein kinase. 16 The acute loss of endothelialindependent function in the saphenous veins may be due to the p38 mitogen-activated protein kinase-mediated degradation of the α-actin filament in the venous smooth muscle.
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The loss of endothelial integrity also exposes the underlying medial layer to platelet aggregation and circulating growth modulators. 33 Venous smooth muscle cells dedifferentiate, leading to increases in matrix metalloprotease activity and expression of cytoskeleton-associated proteins, which enable migration and proliferation of the smooth muscle cells. 14 In addition, up-regulation of adhesion molecules, increased neutrophil adhesion by damaged endothelium, and the secretion of smooth muscle mitogens by inflammatory cells further extend the distension-induced damage to the medial layer. 11, 12, 15, 16 Although the no-touch harvest techniques have shown promise in reducing VGF, 22 the adoption of this method is limited to a few centers. Consequently, the conventional harvest techniques dominate and manual distension remains common for CABG procedures likely because of familiarity, reliability, and limited alternatives. Currently, there are 2 pressure-controlling devices approved by the US Food and Drug Administration: the Saphenous Vein Distension System (DMC Medical), which comprises a pressure-limiting balloon connected to a syringe that relies on proper balloon inflation, vessel priming, and stopcock manipulation to deliver flushing fluid with designated pressure; and the Vasoshield Pressure Controlling Syringe (Maquet), which delivers irrigation fluid at a selectable pressure that must be secured by a dial on a specialty syringe. These devices have not been widely incorporated into routine graft preparation possibly because of high cost and difficulty of use and because, to our knowledge, the effect of these devices on vascular function and intimal hyperplasia prevention has not been reported. We identified a simple PRV that limits distension pressure to 140 mm Hg or less (Figure 3 ). This valve can be placed in line with a standard syringe and vein cannula, requiring no special manipulation or change to current distension routines. When distended using the PRV, the PSV endothelium remained intact ( Figure 5 ) and both endothelial-dependent and endothelial-independent function was preserved (Figure 4) . More importantly the use of this PRV significantly reduced intimal thickening of PSVs in organ culture compared with PSVs distended manually ( Figure 5 ). It is plausible that by protecting the endothelial and smooth muscle cells from injury, the initial cellmediated inciting factors that lead to intimal hyperplasia, such as the release of mitogenic factors, recruitment of inflammatory factors by the endothelium, and the signaling cascades that ensues, were minimized. This is the first demonstration that limiting intraluminal pressure using a PRV prevents intimal thickening, a crucial step in the progression of graft occlusion.
Limitations of this study include the lack of feasibility to test the PRV in HSVs because only small segments of human tissue were available. The PSV represents a reasonable model system to test vein graft preparation techniques. The organ culture model lacks in vivo elements (pressure, flow, and exposure to blood components) that may influence the develop-
Conclusions
Taken together, our findings demonstrate a causal association among manual pressure distension, endothelial and medial injury, and intimal hyperplasia. Prevention of endothelial denudation and intimal hyperplasia can be achieved in a cost-and time-efficient manner using a simple PRV that limits maximum sustained pressure during manual distension. This approach offers an effective way to mitigate the damaging effects of manual distension during bypass procedures while preserving procedural efficiency and the ability to use techniques that are familiar to surgeons. Results from this study warrant future clinical studies to determine whether this improved vein graft preparation will result in better graft patency.
